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A simple  cascade loading-lMt parameter for  incongressible  axial- 
flaw ccmsressor-blaCie elements wzs developed from an analysis of published 
imompressible-flow  cascade and rotor  &ata on the NACA 63- C A 0 blade 

sections. The loading-limit paraneter was evaluated from blade-surface- 
Eeasured nressure  distributions. It i s  the   r a t io  of the  suction  surface 

and static  pressures at  the  point of ~llaximum surface velocity ana is  
herein  referred  to as the  C-factor. 

1 ( 2 0  l o p  

I maximum static-pressure rise t o  the  difference between the  stagnation 

Andysis of incompressible  cascade t e s t  data over a range of isolated 
a i r f o i l  l i f t  coefficients from 0.4 t o  1.8, inlet   angles from jOO t o  TO0, 
and solidities from 0.50 t o  1.50 hd ica t ed  tht the loading lMt f o r  l o w -  
loss ogeration w a s  approximately 0.70. A t  values of the  loading-limit 
p a r a e t e r  from 0.75 t o  0.80, t i e  drag coefficient had increased 
significantly . 

Analysis of incompressible  rotor t e s t  data over a wide range of 
inlet-angle and s o l i d i t y  conditions  indicated that at  the mean radius 
station  the  trend of loss-coefficient  vaxiation w i t h  C-factor was Epprox- 
ima.tely the same as  that  i n  the cascade data  for the varfztion of drag 
coefficient w i t h  C-factor. A t  both  the  inboard and outbomd  rotor sta- 
t ions,  loss coefficient  increased more rapidly w i t h  C-factor  than it did 
a t  the mean radius. 

For the r o t o r  conditions examined ir, this  report,  C-factor  appeared 
t o  be e f f e c t i v e   i n   e s t b t i n g  ro tor  stall. The region ol" rotor  s ta l l  
m s  defined by a nmrow range of C-factors,  evaluated at the   rad ia l  sta- 
t ion where rotor stall was first  in i t ia ted ,  fo r  a wide rase of inlet- 

or" 1.0 and 0.70 t o  0.7': at  a so l id i ty  of 0.5.) 
c angle  conditions et each solldity.  (C = 0.75 t o  over 0.78 at E so l id i ty  

L. - z  
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The incmpressible  rotor data were also  exmined by uti l izing  the 
D-factor  (blade-section  diffusiorz  factor) of NACd Ilk1 E53D01. Good 
agreement w a s  obtzined between the lbiting value of Oesign-angle-of- 
attack  D-factor  proposed i n  that paper (I? = 0.60) znd that obtained 
fron; the rotor date anelyzed  herein a t  the neen radius s ta t ion.  Tcle 
results herein  obtained, Eovever, did indicete lower limits a t  the 
inboard  station and e. l e s s  rapid increase i n  loss w i t h  design-angle-of 
attack D-factor at tne  outboard  station  than the D-factor  report  indi- 
c:ated. The use of the D-factor to   correlate   losses   or  as a loading 
l imi t  f o r  law-loss operation should  be restricted  to  conditions  near 
design angle of attack, as m i g h t  be  expected since  D-fector w a s  derived 
fo r  design-angle-of-attack  conditions.  Nevertheless, the ro to r   t e s t s  
m l y z e d  herein  did  indicate that D-factor  appeared t o  be effective as 
a rotor-stall   indicetor for rotor  stall in i t ia ted  in the t i p  region. 

INTRODUCTION 

One of the  general Eethods of designing axial-flow compressors is 
to  calc-date  velocity  diagram  for the various stages and u t i l i ze  c&s- L 

cade or   rotor  data t o  select blade  sections,  solidities, and blade- 
sett ing  ansles.   In the original velocity-diegram  canputations and blade 
selections, however, some loading-limit criteria which define  the  region 
where severe flow separation  occurs aust be used t o  ensure  satisfactory 
design and off-design performance. The loading-limit criteria used prior 
t o  the publication of reference I were generally  very  conservative emFir- 
ical rules that  various  Sesigners had -used successfully. The present 
reqilirements f o r  compressors of higk-stage  pressure rat io   require   that  
compressor-blade  elements work near the actual aerodynamic loadipg 
limits; therefore,  loading-limit  criteria that more closely  predict the 
actual aeroQnamic  loading limit are needed. One step toward the develop- 
ment of an effective  loading-limit  parameter was presented i n  reference 1 
and was derived by u t i l i z ing  an approximate relat ion between a separation 
c r i te r ion  used i n  two-dimensional incompressible  turbulent-boundary-layer 
theory and the external   veloci ty   diagrm  sol idi ty  of the  blade  ele- 
ment. The approxination w a s  fscilitated through  the  use of tne two- 
dimensional low-speed cascade data of reference 2 at  design angle of 
attack.  Test results for several  rotors and s ta tors  were analyzed by 
using t h i s  lhit parameter called the  D-factor. It was shown that the 
D-factor was effective as a limit paremeter at design  angle of a t tack  for  
inlet Kach zlumbers up t o   c r i t i c a l  speed f o r  both NACA 65-series and 
circular-arc-type  blade  sections  for  conditions  similar  to  those of the 
several  rotors and stators  analyzed. 

I 

The purpose of this investigation I s  t o  establish a loading-limit 
permeter  which is a measure of the blade loading a t  d l  angles of attack 1 

md, hence, is not   res t r ic ted t o  design-angle-of-attack  conditions. Blade  
surface pressures (ietermine whether flow separation  occurs. Hence, the 
establishment of a blade-loading limit >mameter which  would eventually Y 



be  appliczble  to  both  incompressible-  and  cmgressible-flow  conditions 
for any  type  of  blading  must  reflect  the  pressure-distribution  shape. 
The  present malysis is  restricted  to  imanpressible  flow.  The  loading- 
limit  parameter  used is based  on e. separation  criteria similar to  that 
used  for  isolated  airfoils  (ref. 3 ) .  The  parvreter  is  deficed as the 
re;tio  of  the  suction  surface n?exi.mm static-pressure  rise  to  the  difference 
between  the  stagnation  and  stetic presswes at  tine  Foint of lnaximum s m -  
face  velocity.  It is evduated by  using  low-speed  cascede and rotor  data 
for the NACA 65- C A 10 cmsressor-blade  sections  (refs. 2 and 4). 

Y 

( 20 10) 
The  low-speed  rotor  data  were also used to provide a comparative 

evaluation of tie  effectiveness  of  the C- and D-factors es loading 
limits  over  the  wide  range  of  cascade parmeters of these  data. 
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w n y  of the symbols given  are  illustrated in figure 1. 

blade-section  loadilg  pareneter  defined 8s and 
P -  

pIJ 
equd to a for incmpressible flow 

% 

blade-section  camber  (tne  isoleted  airfoil  lift  coefficient) 

section drag coefficient 

blade-section  diffusion  factor  defined  as 1 - +- v2 r Ave 
v 2 aV 
l,r I,= 

stagnetion  pressure,  lb/ft2 

static  pressure,  lb/ft2 

naxhum pressure  rise on blade  suction  surface,  Ib/ft2 

dyn.anLc  pressure,  lb/ft2 

rotational  speed  of  rotor,  ft/sec 

velocity,  ft/sec 

change in tangential  velocity  across a blade rm, ft/SeC 
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a 

P 

CT 

5 

eMiHmem 

angle of attack, deg 

flaw mgle xeasured from axial  cUrection, deg 

so l id i ty   ( ra t io  of blade  chord t o  blade  spacing) 

b l ade - se t t i q  angle  neasured Prom axial  direction, deg 

loss coefficient, P2,r,i - ’2,r 
P,. ... - P, 

Subscripts: 

a axial 

d design-angle-of-attack  condition 

i ideal  

Di mean radius section of rotor 

P peak surfece-velocity  point on blade 

NACA RM L54L02a 

r relative  to  rotating  blade 

1 upstream of Uade row 

2 downstreaa of blade row 

ANALYSIS OF LOW-SPEXD CASCADE DATA TO DETERKINE 

LOADING-LIMIT PARAMETZR 

Method of Approach 

The loading limit f o r  compessor-blade  sections is defined as the 
blade loa6ing above  which high loss coefficients OCCUT. Hgh loss 
coefficient results as e direct  consequence of flow segaration of the 
blade boundary layer. Hence, the detemination of a loading limit is 
real ly  analogous t o  detedning  the  condi t ions uncier which boundary- 
layer  separation  occurs. The growth and separation of the blade boundary 
layer is dependent on the blaiie-surface  gresswe  distributions wk?ich i n  
turn  are  dependent on sol idi ty ,   in le t  angle, angle of attack,  relative 
inlet  Mach number, and on blade-surface shape as affected by  camber and .. 
thickness.  Since the problen 6f predicting  the  occurrence  of boundary- 
layer  separation by analytical  means is  very difficult, it was considered 

* - 



.1 advisable t o  examine  Epproxhna-Le  methods of estimating  the  occurrence of 
bomdary-layer  separation. For awles of attack at and above &esign, it 
is  the  suction  surface  pressures which gredminantly govern the  blade 
boundary-layer grown and hence segaration. It w a s  sham by Loftin and 
Von Doenhoff ( ref .  3) that ,  f o r  isolated  airfoils,   separation  corre- 
spor-ding to   the occurrence of the mximum l i f t  coefficient of various 
airfoils occurred a t  a relatively  constant  value of the r a t i o  of the 
difference between the minimum stat ic   pressure near the leading edge and 
the s ta t ic   pressure at  the  95-percent-chord  point  to the maximu dynamic 
pressure. T h i s  resu l t  is reasoneble  since  the  results of Von Doenhoff 
end Tetervin  (ref. 5 )  indicated that, for  the same boundary-layer  sh&pe 
at the start of the  adverse  grsdient, the separation of the  turbulent 
boundary layer is primarily  related t o  the amount of static-pressure 
recovery azld is only  secor,darily dependent on the  detailed shape of the 
pressure  distribution. 

.1 

A sFnilar aFproach to  the  grediction of flow  separation w&s under- 
taken  for airfoils i n  cascade'by  utilizing  the low-speed cascade data 
for  the NACA 65-series blades  presented ir, reference 2. The pressure- 
recovery  parameter, computed from the cascade  pressure  distributions and 

parmeter used is defined as the r a t i o  of the maximum suction-surface 
static-pressure  r ise t o  the  difference between the  stagnation and s t a t i c  

i s  equal t o  e, where Ap ard qp are  indicated  in  the  following  sketch 

of a typical  law-speed cascade  pressure  astribution: 

.I herein  called  C-factor, w a s  similar t o  that used i n  reference 3. The 

- pressure at  the point of maximun surface  velocity; hence, t'ne permeter  

SP 

w i t h  chord, percent 

The effectiveness of such  a  parameter i n  estimating the  occurrence of 
flow separa t ion   for   a i r fo i l s  i n  cascade will be determined by noting 
how effectively  the  parameter  correlates cascade  drag  and rotor-loss- 
coefficient  &ta independent of the  various  cascade  parameters, namely, 
inlet -le, sol idi ty ,  camber, and angle of attack. 

I 

W - 
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The C-factor d i f fe rs  frm the D-factor of reference 1 since  C-factor 4 

presunes that suction-surface  boMary-layer groTdh and separation are 
predminantly governed  by tine mzgnitude of the naximum pressure  recovery 
on the  suction  surface, k-hereas the D-factor p r e s m s  that the preclominant 
parmeter is the mexinm velocity change on that surface; that is, 

c 

%here Vav i s  sone average  surr'ace velocity between Vp a d  V2. Pn 
evaluation of C-factor  requires  a  howledge of the miniaum pressure on 
the  suction  surface, whereas the  velocity-chenge t e r n   i n  the foregoing 
D-factor  expression 'nas Seen  approximated a t  design  angle of a t t ack   i n  
reference 1 so tha t  D-factor may be evaluated  without  recourse t o  blade 
surface  pressures. 

mal-it ion of C -f actor a t  %ice M i n h u m  Drag 

for  Low-Speed Cascede Data 

Eoxell's s ta l l  cr i ter ion  ( ref .  6) i n  which blade s t a l l  i s  defined 
as occuring a t  twice rninimun drag was mbitrar i ly   selected as a limiting 
condition. For t h i s  linfting condition,  the  C-factor wes evaluated frm 
low-speed cascade data (zost of which are presented  in  ref. 2) for   the 
NACA 63-series Cz0  = 0.4, 1.2, and 1.8 blades a t  engles of p ranging 
frm 30° t o  TO0 and values of' Q from 0.5 to 1.5. (See f ig .  2.) !l%e 

so l id i ty  0.50 and 0.75 data were a l l  obtained by using *inch-chord 
bhdes  a t  t e s t  Reynolds nwlbers 12om 175,000 t o  220,000. The Reynolds 
number for  a l l  tests et the other   sol idi t ies  -was 245,000  and the chord 
length w&s 5 inches. A l l  drag data obteined from reference 1 were faired 
to  elininate  irregular  dips which eliminated a l l  minfmuu drag  vdues 
below 0.010. Some scatter  in  the  C-factor is t o  be  expected  because the 
peak surface  veloclty  could occur somewhere between the f i n i t e  number 
of or i f ices  used t o  measare surface  pressures. 

1 

Figure 2 indicates that a l h i t i n g  C-factor  range from about 0.75 
t o  0.80 describes  the  region of twice min3mu.m drag f o r   i n l e t  angles from 
30' t o  TO0, so l id i t ies  from 0.50 t o  1.5, and cambers from 0.4 t o  1.8 
except  +or  the 0.4. canber section at so l id i t i e s  from 0.88 t o  0.50 
where a gradual drap i n  C-factor leve l  from 0.73 t o  0.70 OCCUTS. One 
possible  explanation  for the reduction i n  C-factor w i t h  so l id i ty  a t  con- 
stant C is that as solidity  decreases the peak velocity may actually 

I 

10  Q 
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be  closer t o  the nose then  the  formost  pressure  orifices could  measure, 
resul t ing  in  a higher  C-factor thm- is  calculeted.  The C-factor was 
effective i n  describing  the  region of twice mFn-inum drag  since a narrow 
r a g e  of C-Tactors (0.73 t o  0.80) described  the  region of twice m i n i m u m  
drag f o r  a vide  range of camber, i n l e t  angle, and solidity  concitions 
witlrl  the  exception of the = 0.4 blade a t  the low so l id i ty  condi-lions. 

* 

c 2 0  

Hence, the  C-factor  appeared t o  be  usable as a limit-loacing p a m -  
e t e r .   Shce   t i e   s e l ec t ion  of twice mininun drag is a ra ther   z rb i t rmy 
l i n i k  selection when considering how m i n i m m u  drag  varies w i t h  loeding, it 
w a s  considered  advisable t o  examine the  C-factor over the  entire  drag 
range f o r  a l l  cambers for  which t e s t  dste were available. 

Variztion of Low-Speed Cascade D r s g  Coefficient 

With C -Factor 

The var ia t ion   in  C w i t h  C-factor fo r  design  angle of attack and 
d l  

I above fo r  values of C of 0.4, 0.8, 1.2, 1.5, and 1.8 at  angles of p 
1, 

of 300, 450, 600, a d  700 end at  values of a f r o m  0.50 t o  1.50 are  pre- 
sented  in figure 3 by using  the data presented ir, reference 2. These 
curves all indicate that C begins to   r i s e   r ap id ly  et  a C-factor of 
=bout 0. 70 and tht in   t he  C-f actor regior fron 0.75 t o  0.80 the  drag and, 
consequently,  the loss has  increased  significantly. Eence, .EL simple 
presswe-recovery  factor,  the  C-factor, was found to   correlate  the region 
of rapid  drag rise (high loss region) independent of the various  cascade 
parameters. The Evaileble cascade Cdl values were not  converted t o  

loss coefficients  since  the C-fac-kor range  vhich  describes  the  region 
of high loss would not  be  significantly  altered by such  a  conversion 
beceuse the rate of change of with  C-factor a t  the start of the 

region of high drag is considerably  =ore  rapid  than  the ra-Le of chenge 
of mea-flow  direction which is  used to convert Cdl t o  loss coefficient. 

- 

d l  

cd l  

It should be pointed  out that the  cascace  conditions  herein  investi- 
gated always had their  peak-velocity  point  near  the  leading edge. As a 
result, there is probably  very l i t t l e  change in   t he  boundary-layer  shage 
a t  the s t a r t  of the adverse  gradient over the range of casca&e  conditions 
hvestigated.  Therefore, it is reasonable t o  expect a rather I19z"row range 
of C-factors to  define the separation of the boundary layer. For blades 
which have their peak point w e l l  back on the blades, for  e-le, the 
A&, blades of reference 7 near  design  angle of attack,  the  level of 
C-factor which corresponds to  the  region of mpid drag rise may be lowered 

boundary-layer shape parameter at the start of the adverse pressure 

L 

* because (1) a more severe  adverse  pressure  gradient w i l l  occur, and (2) the 
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gradient will be  greater t b m  that which occurs  nearer the leading edge. 
T!e sxccessf%l use of such a loading  parameter w i l l  reguire  analysis of 
sLfficient  data  to  estzblish  limiting  values  for  typical exwles  of 
different-&aped  pressure  distributions.  Since a l l  Athe deta  presented 
in  this pzper are   for  incompressible flow, the  extensior, of this loading 
pms-zeter t o  conditions &ove c r i t i c a l  speed will require  establishment 
of the   l in i t ing  valizes of C-factor which occur xhen boundary-layer growth 
has been  influenced by  sl?ock boundary-hyer  interaction  effects. Once 
the effects  03 the   lkni thg  values  of C-factor of bouckry-layer  thickness 
a t  the start of tke pressure  recovery and adverse  pressure gracier-t me 
deternined, an accurate  estimation of the  region of e f f ic ien t  performance 
f o r  any cascade configuration for which estimations of the surface  pres- 
s-me distribution cazl be  obtained  either from tests or  analytical  means 
should  be  possi5l.e. 

CORREU!TION OF RQCOEi-LOSS DATA AND C-FACTO3 

Analysis of Incompressible Rotor Test Data 

An analysis of the  incmpressible  rotor  test  date gresented i n   r e f -  
erence 4 fo r  znedium csmbered NACA 65- C oAlo 10 blade  sections, which 
were tested over a vide rmse of inlet angles a t   s o l i d i t i e s  of 1.0 and 
0.5,  was  uncertaken t o  determine whether rotor  losses and C-factors would 
correlate   in  the same manner as did the cascade data. T ~ e  rotor was a 
free-vortex  design  (exit  tangential  velocity  inversely  proportional  to 
the radius}. It had constant  solidity along the blaCie length, and solid- 
i t y  was changed  by varying t:ne number OS blaces. 

( 2  1 

Rotor C-factors were obtained by using the low-speed cascade data 
of reference 2 t o   d e t e d n e  the static  pressure a t  the peak surface- 
velocity  point  for  the  agpropriate cascade  conditions, whereas the d m -  
stream static  pressure w a s  obtained frm t'ne rotor measurements. The 
use of cascace  data to  obtain  blade-surface minimum static  pressure is 
reasonable  since good agreement between cascade and rotor  pressure distri- 
butions was  obtained st design  angle of attack  in  reference 7, and t i i s  
agreement should pers i s t  a t  higher than design  angles of attack until 
flow separation i n  one element of the rotor  influences the r e s t  of the 
flow f ie ld .  

Rotor-loss  coefficieats were obtained frm the rotor test data by 
using the fornula 



2E 
NACA iQ4 L5kL02e - 9 

CI The radial stations  selected  for an eval-at ion of E end C-factor 
were the inboard  section (r = 11.26 inches),  the mean radfus  section 
( r  = 12.41 inches), and the outboard section (r = 13-36 inches). The 
inboard md outboard s te t ions were almost 12 percent span from the  inner 
md outer  casings,  respectively, and were selected t o  be outside the w a l l  
boundary-layer  region. However, the  inboard  section was later found i n  
reference 4 t o  be  sozewhat engulfed i n  the hub boundary layer.  The con- 
ditions  evaluated were design-angle-of-attack  conditions m d  above. 

The followir!! table lists the  inlet   angles which exist at  the three 
radial   stations  m&er  investigation when the mean radius  section is at 
its design  angle of attack f o r  each of the blade-setting  angles and the 
two solidities: 

Mean rsdius inlet =@e, j3, deg; 
blade-set thg Q = 1.0 Etnd 0.5 
angle, 5 I deg 

Inboard Outboard Mean 

Ed f l7.5 71-5 70.0 68.0 

m e  values of' 5, for   the inbomd, meen, and outboard s ta t ions are 34.70, 
40.0°, end 44.5OY respectively, a t  (T = 1.0 and m e  39.0°, 44.3OY 
and 48.80 a t  cs = 0.5. 

Figure 4 presents  the  variation iI?- rotor-loss  coefficient w i t h  C-factor 
for  the  various  blade-setti-  angles. The ver t ica l  marks indicate design- 
angle-of-attack  conditions. The evaluation was carried  to  the  highest  angle 
of a t tack  for  which the  C-factor  could 'De evaluated by using the cascade 
data t o  determine mix!mm suction  surface  static  pressure. In sone 
instances, the low-speed  cascade data were extraFolated sorcewhat to  obtzin 
a lninhum surface static-pressure  value  for the point where E beg= t o  
rise. The highest  angle-of-attack  conditions that could  be  evaluated by 
using  cascade data with soIce small a??ount of extranolation were generally 
l e s s  thmn the  rotor-surge angle of attack. Hence, ro to r  surge  generally 

speed  cascade h t a  since  the  angles of attack f o r  the cascade tests were 
almost  always high enough to  include  the  region of rapid  drag  rise. 

I occurs a t  higher ar?@;les of attack  than  the high-drag region of the law- 

c 



10 NACA RM L54L02a 

From figure 4, the fo l lox ing   r e sd t s  c m  be observed: 

(1) A t  the  zean radius section  (the  section  closest  to  being  in a 
two-dimensional flow field),  loss coefficient  generally  incressed  signif- 
icantly  for  C-factors above 0.75. This observation is slmilar t o  the 
results observed i n  the cascade t e s t s .  

(2) Eoth  inboard and outboard stations  indicated a steady  increase i n  
loss coefficient w i t h  C-factor and a significant  increase  in loss coeffi-  
cient a t  a lower C-factor  level than occurred at tne  rotor nean  radius 
section and i n  the cascade  tunnel. A t  C = 0.70, the mean value of loss 
coefficient a t  t i e  outboard and inboard  stations w a s  0.05 an6 0.10, 
respectively, at  cr = 1.0, and was 0.09 for  both  stations a t  Q = 0.5, 
conpared w i t h  0.02 and 0.03 a t   t h e  nean  radius  for cr = 1.0 and 0.5, 
respectively. This difference  results between the performance  of the more 
extreme stations and the mean radius  station because,  althou& the flow a t  
the m e a n  radius  station i s  neexu  tvo-dimensional, the flow a t  both  inbosrd 
and outboard stations is strongly  influenced by three-dimensional  effects. 
The inboard s ta t ion  is influenced by the  interaction of inner casing and 
bide b o u d q - l z y e r  flow, whereas the outboard s ta t ion i s  influenced by 
both the effects  of centrifuged blade boundary-layer  flow and t i p   c l e a r a c e .  * 

The data presented in   f i gu re  4 correspond to   ra ther  wide ranges of 
i n l e t  angle and, hence, angle of attack. For verification of this fact, 
see  f ig-ae 5 ( t o  be discussed  in more d e t a i l   i n  the next  section} where 
the same rotor  data used i n  figure 4 have been replotted  with  inlet  angle 
rather than C-factor as the abscissa.  Therefore,  the  variation of loss 
coefficient w i t h  C-factor wa6 generally Fndependent of inlet angle and 
so l id i ty   for  a wide range  of inlet   angles,  angles of attack, and solid- 
i t i e s   a t  each radial s ta t ion  w i t h  the exception of the  outboard  section 
where a rise in  E at  e smewhat lower value of C-factor  occurred f o r  
the low (0.5) so l id i ty   t es t s .  For exmple, a t  the outboard stetion,  high 
loss of the order of 0.09 corresponded t o  C-factors from 0.7': t o  0.79 
a t  (T = 1.0 and from 0.67 t o  0.71 at cr = 0.5. Hence, a so l id i ty   e f fec t  
was observed a t   t h e  outboud station where the  effects of centrifuged 
blsde  bowdzry-layer and tip-clearance  effects are all important. Evi- 
dently, the lower solidity  condition cannot tolerate  as  high  a  blade- 
surface-pressure  recovery i n  this region. 

I 

I n  Bumation,  the  C-factor  appeared t o  be  equally  effective  in 
defining the high loss region Cn both  rotor and  cascade tunnel  with  the 
proviso that, a t  inboard and outboard stations,  where three-dimensional 
effects a re  = O r e  pronounced, high loss region  occurred a t  C-factors  closer 
t o  from 0.65 t o  0.70 than  to  0.75 o r  ebove as  indicated a t  the rotor mean 
radius  section and i n  the cascade t e s t s .  

The C-Factor as a Rotor-Stall  Indicator 

When a rotor swges,   that  is, when severe  pulsating flow occurs, it 
is generally  the hub or t i p  section that s t a l l s  first; therefore, these - 
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sections ere of prime knportasce Tor q y  rotor eZla2ysis a b e d  a t  the  we-  
diction of the  onset of surge. %e cr i te r ion  used t o  determine which r ad ia l  
s ta t ion  would stall first wes to  detemine, from figures 10 and 11 of refer- 
ence 4, wbich s ta t ion  f irst  exhibited a dropoff  or  leveling  off  in turming 
angle  with  increasing  mgle of a t tzck es the  rotor flow coefricient was 
reduced by throtkling. An examination 03 the  vazietions i n  turning angle 
with  angle of cttack f o r  the low-speed rotor date presented in reference 4 
illaicated that as  the rotor was th ro t t led   the   t ip   sec t ion   s ta l led  f i r s t  
fo r  a l l  blade-setting-angle  conditions  except  those  corresponding  to ",he 
hi&est bide-setting mgle  a t  each of the   so l id i t ies  (CJ = 1.0 and 0.5). 
For the  highest  blade-setting-angle  conditiom at  each sol idi ty ,   the  hub 
sec t ion   s ta l led   f i r s t .  

" 

During the  rotor   tes ts  it was observed, both  eudibly and from an 
unsteediness of *he f lu id  ir?. %he nanometer boards use& for  yressure meas- 
urement, %kt before  surge  occurred  there was a large  high-angle-of-attack 
region of rather unsteady flaw f o r  the two lower blade-setting-angle con- 
ditions. No such angle-of-attack  region was noted for  the  bigher blade- 
setting  angles. Th3s unsteaaness   a t   the  t v o  lower blade-setting-angle 
conditions  invariably  occurred after the outboard s ta t ion  had e ~ i b i t e d  

unsteady  points, which occurred f o r  the highest  blade-setting condttion 
a t  both  solidit ies,  correspond t o  conditions where the turning  angle a t  
the  inboard  station exhibited a dropoff with  angle of attack. It is 
reasomble t o  pres- that this unsteadiness  indicated a p a r t i a l  stall 
condition  in  the  rotor.  It was assumed that p a r t l a l   s t a l l  first occurred 
when arly radid s ta t ion  fcrst  exhibited 8 dropoff i n  turning angle w i t h  
increasing angle of attack  since this variation i n  turning angle OCCUTS 
only when severe  flow  separation exists at that radial stat ion.  

.a a severe drop i n  t&ng angle with increasing  angle of attack. The 

As st&.ted previously,  the  vsriation  in E with i n l e t  angle f o r  each 
of Cne test   blade-sett ing eagles a t  the  three  radial   s ta t ions under con- 
sideration is presented i n  figure 5 .  (Each curve thus  indicates  the 
ver ia t ion  in  'G with angle of at tack  for  a pertfcula;r  blade-setting  angle.) 
The t i c k  marks indicate unsteedy-flow test resu l t s .  The dashed portion of 
the curves  corresponds t o  the region where the  turning  angle first exbib- 
i ts  a leveling  off aad then E dropoff w i t h  increasing  angle of attack. 
The higher inlet-angle  (angle of attack) Faint of the dashed portion of 
the curve for  each  blaae-sektir-g  angle i s  considered t o  be  the  condition 
where rotor stall has occurred a d  i s  indicated by a  solid symbol. The 
dash-dot lines are l i aee  of constant  C-factor. It may be seen t h a t  at 
Q = 1.0 the  values of C-factor which correspond t o  the  occurrence of 
rotor stall, when rotor stall i s  in i t i a t ed  i n  the t i9  region,  range f r o m  
0.75 t o  above 0.78, whereas a t  u = 0.5 they  rmge f r o m  0.70 t o  approx- 
" b e l y  0.74. For the  highest  blade-setting  condftions (see results 
corresponding t o  &,a = TOo, E a  + l7.5O) where the hub sectfon  s ta l led 
first,  the C-factors a t  which rotor stall occurred were approximately 0.78 
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f o r  u = 1.0 aad 0.74 for  u = 0.5. Eence, for the rotor conditions 
examined i n  t h i s  report,  C-factor  appeaed -to be effective in esthwting 
rotor stall. The region of rotor s ta l l  was defined by a m r o v  range 
of C-factors,  evalmted a t   the   rad ia l   s ta t ion  where rotor stall  w a s  first 
initiated, for  a wide range of  inlet-angle  conditions a t  each solidity.  

CORRELATION OF RO'rOX-LOSS DAW. AXD D-FACTOR 

Analysis of Incomyessible Rotor Test Datz 

I n  oriier t o  conipare the effectiveness of %he D-factor of reference 1 
with the  C-factor both a t  design and for  angles of attack above design 
over a wide rznge of inlet-angle and solidity  conditions, the low-speed 
rotor-loss da-ba  (much of which w e r e  used to  prepme  fig.  4) were cozpared 
with  the  corresgonding  blade-sectior? D-factors. It should be  pointea  out 
that D-factor w a s  derived  for  design-angle-of-attack  conditions  only and, 
hence, may not be  meaningful a t  off-design  conditions. 

For the  design-angle-of-attack  conditions,  the mean radius  section rn 

exhibited low l o s s  (below 0.05) for  design-point  D-factors as hAgh as 
0.64 fo r  a wide range  of blade-setting  angles correspon6ing t o   i n l e t  
angles p from 3 7 O  t o  71° znd so l fd i t ies  u fron 0.5 t o  1.0. This - 
result is  i n  reasonable agreement w i t h  one of the conclusfons  of refer- 
ence 1 i n  which a  design  D-factor l W t  of about 0.60 was pro2osed. A t  
design-angle-of-attack  conditions, the inboard  section  exhtbited low loss 
(below 0.05) fo r  D-factors ug t o  0.45 at a = 1.0 and 0.54 a t  u = 0.50. 
These inboard-station limits are lower than was indicated i n  reference 1 
'out probably result because, as stated  grevioirsly,  the inboard s ta t ion 
is engulfed i n  the tub bounbxy layer. 

The variation  in  outboard-station loss coefficient w i t h  D-factor fo r  
the many rotors exarnined i n  reference 1 was indicated i n  figure 10 of that 
reference by the  region  bo-ad by dashed l ines .  T h i s  same variation is 
indicated by Cias'Lled l ines  on the outboard-station  results  presented i n  
figure 6. A t  design-angle-of -attack  conditions, the losses  associated 
with  D-factors of zpproximately 0.59 a t  U = 1.0 and 0.52 a t  d = 0.5 
were less than the results presented in  reference 1. This difference  in 
limiting D-factor level  m y  result because,  unlike the incompressible 
results presented  herein,  the results of reference 1 could  be affected 
by compressibility effects. Also, any difference i n  the  magnitude of the 
t i p  clearance and the thiclmess of the blade boundary layer which is 
centrifuged toward the t i p  from the more inboard sections could effect  
the t i p   l imi t ing  D-factor level. 

In summary, figure 6 indicates that, f o r  D-factors at design  angle 
of a t tack of the order of 0.60 a t  the mean radius  stetion, low loss  coef- 
f i c i en t  nay be  expected. The data presented  herein  further  indicate that 
a higher than 0.45 D-factor limit appears  reasonable for   the outboard 
section  at  design  zngle of attack a t  both  solidity  conditions. The 
inboard-section  data  indicate low D-factor limits of 0.45 a t  a = 1.0 t o  



.. 0.55 at Q = 0.5, but this resu l t  is not very significant  since the inboard 

.. Figure 6 indicates that there is no effective  correlation of Z and 

s ta t ion was i n  the w a l l  boundary-layer  region. 

D-factor at  angles of attack above design. T h i s  was t o  be expected  since 
the  D-factor w a s  derived for  the  design-angle-of-attack  condition and  does 
not  include the increase  in  pressure  recovery which occurs along the blade 
suction  surface  as  angle of a t h c k  is increesed above design. For example, 
for  the same D-factor, blade sections set f o r  low design  inlet-angle con- 
ditions m u s t  operate at angles of attack farther from design  than wheE s e t  
fo r  higher  design inlet   angles.  Hence, a t  the same D-factor,  the amount 
of pressure  recovery on the  suction  surface w i l l  be greater f o r  the low 
design  inlet-angle  condition beceuse of the e f fec t  of angle of attack on 
peak surface  velocity.  Since it is the amount of pressure  recovery which 
limits  loading,  the lower design  inlet-angle  conditions should show a 
rapid  r ise  i n  loss coefficient wi th  D-factor a t  a lower D-factor leve l  than 
the high design  inlet-awle  conditions. ThLs conclusion is  corroborated i n  
figure 6 where, for  example, a t  the =em radius and fo r  u = 1.0, the 
j3d = 37.5O curve (sa - l 5 O  curve)  indicates E = 0.10 at  D = 0.56, 
whereas a t  pa = 600 (the Ed + 7.5' curve) ZE = 0.036 a t  D = 0.56. 
Therefore,  the  use of D-factor a s  a loading lhit fo r  low loss operation 
should be res t r ic ted  t o  conditions near design angle of attack. 

The D-Factor as a Rotor-Stall  Indicator 

In order t o  determine the D-factor  values when ro to r  stall first 
occws,  the  rotor data used to  prepare figure 6 have been reexamined by 
plott ing D-factor  against  inlet  angle  for  each or" the test blade-setting 
angles and so l id i t i e s  at three radial stations.  (See f ig .  7.) (Each 
curve thus indicates the varriation I n  with angle of a t tack  for  a gar t ic-  
ular blade-setting  angle.) The diagonal t i c k  marks correspond t o  unsteady- 
flow conditions. The highest p point f o r  each cwve corresponds t o  the 
l a s t   t e s t  before  severe  pulsating surge occurred and, as described i n  the 
srevious section, the so l id  symbols inaicate the occurrence of rotor s t a l l .  
For ro tor  stall which is i n i t i a t e d  at the  outboard  station (the more 
c011im01l condition),  D-factors from 0.57 to 0.64 describe the occurrence of 
rotor stall a t  both  solidities  except f o r  the lowest blade-setting-angle 
condition at a = 0.5 which  had a D-factor stall value of 0.51. For 
hub s t a l l  which occurred at the  highest  inlet-angle  conditions fo r  eech 
of the two so l id i t ies ,  D-factors of 0.85 a t  a = 0.50 and 0.81 at 
Q = 1.0 were obtained. 

A t  the  outboerd  station,  D-factor  rose  rapidly in  the  region above 
the onset of rotor  stall. T U s  rapid  r ise  is a result of the  rapid reduc- 
t i o n   i n  discharge  velocity which results when separation occurs. Under 
such  conditions t i e  D-factor is no longer  a measure of blade  pressure 
recovery  since pressure recovery nust ei ther   level   off  or drop off when 
segaration  occurs. 

I 

. 
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It WELS shown previously  that  D-factor an6 l o s s  coefficiert   did  not .. 
ccrrelate independent of desfgn inlet  angle  at  off-design  contiitions 
becsuse  D-factor  does not  include  the  effects of orf-desiw-  angles of 
attack.  Nevertheless,  the  rotor  tests  malyzed  herein did rzldicete that 
D-factor  appeared t o  be effective as a rotor-stall   indicator  for  rotor 
stall i n i t i a t ed   i n   t he   t i p  region. Rotor s ta l l  occwred  for  outboard- 
station  D-factors of 0.37 t o  0.64 over a vide  rmge of inlet-angle and 
solidity  conditions  with  the  exception of the  lowest  blsde-setkLng-egle 
condition a t  Q = 0.3 where rotor stall  occurred a t  D = 0.51. 

COMPILCI'IION OF LOW-SPEXD CASCADE PEAK 

SURFACE-EFiESSURE-COEFFICIENT DATA 

In order to   fac i l i t e te   the   ca lcu le t ion  of C-fectors  without  recourse 
to   t he  low-speed cascade  pressure  distributions of reTerence 2, the  vmi-  
ations  in peak presswe  coefficient on the suction  surface (upper surface) 
w i t h  angle of attack ere gresented fn figure 8 for   so l id i t ies  of 0.50, 
0.73, 1.00, 1.25, and 1.50 for  values of of 0.4, 0.8, 1.2, 1.5, and * 

1.8 and inlet  angles of 303, 45O, 600, md 70'. The ordinate m d  abscissa 
were selected s o  that l ines  of constant a can  be drawn if   desired t o  
pemi t   the  data t o  be used as carpet  plots. 

c 2 0  

CONCLUSIONS 

The following  conclusions may be drawn regarding the developmer,t of 
a simplified  loading-lwit  pmameter  for  the  preiiiction of ineff ic ient  
performance for  NACA 65-(CZ0Alo)10 bledes i n   c a s c d e  end i n  the rotor f o r  

incompressible  flow  conditions f 

1. A simple loading-limit perameter (referred  to as the  C-factor) 
based on low-speed cascade data has  been determined and found. adequate 
for  predicting  the  reglor, of high loss f o r  blades i n  cascade m d   i n  the 
rotor. 

2. A t  t h x  mean radius section of the  rotor, loss coefficient had 
increased  significantly  for  C-factors above 0.75 for  the wide range of 
inlet angle and solidity  conditions tested. Practically  identical results 
were obtsined  fn t'ne low-speed cascade tunnel tor cambers ranging from 
0.4 t o  1.8, i n l e t  angles from 30° t o  TO0, and so l id i t ies  from 0.50 t o  1.5. 

3. A t  both  the  inboard and outboard stations of the  rotor,  loss  coef- 
ficient  increased  aore  rapidly w i t h  C-factor than it did at the mean radius 
section of the  rotor and i n  the cascade tunnel. The high loss  region . 



e occurred at C-factors r a g i n g  frm 0.65 t o  0.70 rather  than from 0.75 t o  
0.80 3ndiceted a t  %he ro tor  me= redius  section and in   t he  cascade t e s t s .  

I 4. The variation of loss  coefficient w i t h  C-factor was generally 
independent of inlet   angle and so l id i ty   for  a wide range of inlet  angles, 
angles o r  attack, and s o l i d i t i e s   a t  eech radfal   s ta t ion.  The outbowd 
section, however, exhibi ts   a   r ise   in  loss coefffcient at  ~l somewhat lower 
C-factor  value i n  %he low s o l i a i t y   t e s t s  (a = 0.5). 

5. For the ro to r  co-rlditions examined i n  t h i s  report,  C-factor 
cppeaed. t o  be effective in  estimating ro to r  stall  since the region of 
rotor stell  XES defined by a m r o w  renge of C-factors,  evalwted a t  the 
rad ie l   s ta t ion  where r o t o r   s t a l l  vas first ini t ia ted,   for  E wiZre range 
of idet-angle  conditions a t  ezch sol idi ty .  (C = 0.75 t o  over O .78 
at ts = 1.0 and 0.70 -Lo 0.74 at  ts = 0.5). 

6. An exmination and application of the sinple blade  loeding-l1Xt 
parmeter D-factor of nACA Rb! S 5 3 D O l  t o  low-speed rotor data for  a wide 
range of inlet   angles and sol idi t ies   indicated that good agrement was 
obtained between the  limiting  value of design-angle-of-attack  D-factor 

analyzed  herein a t  the mean radius  station. The results  herein  obtained, 
however, did indicate (1) lower limits at the inboard  station,  probably 
because that s ta t ion  was somewhat engulfed by the hub boundary-hyer 
region, and (2) a less rapid  increase i n  boss with  design-angle-of-attack 
D-factor at the outboard s ta t ion  than t'ne D-rector  report  indicated. 

.. proposed i n  tht paper (D = 0.60) and that obtained frm the  rotor data 

- 

7. The use of the  D-factor to   correlate   losses  o r  as e loading limit 
f o r  low-loss operation should be  restricted t o  conditions  new  design 
angle of attack,  as m i g h t  be w e c t e d   s i n c e  D-factor was derived  lor 
design-angle-of-a';tack  cor-ditions.  Nevertheless, the r o t o r  t e s t s  ana- 
lyzed  herein  did  indicate that D-factor  zppeared t o  be effective es a 
rotor-s ta l l   indicstor   for  ro to r  s t a l l   i n i t i a t e d   i n  the t i p  region. 

Langley Aeromuticel  Laboratory, 
National  Adesory Ccnnnittee f o r  Aeronautics, 

Langley Field, Va.,  November 29, 1954. 
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Figure 1.- Typical  velocity diagram for rotor with no guide vanes and 
Val = Va2- 
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Figare 2.- Variation of C - f a c t o r ,  st twice minimum drag, w i t h  so l id i ty  
for three blade sections in cascade zt in le t  angles from 30° to TO0. 
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Figure 3.- Variztion of drag coefficient with C-factor lor angles of 
attzck near desip- and above for NACA 65- CzoAlo 10 blade sections 
in  cascade haviog canbers from 0.4 to 1.8 et inlet angles ranging 
fron 300 to 700 and solidities Tron 0.5 to 1.3. 
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attack is  increased above design for several  rotor  blade-setting angles 
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angle-of-attack  conditions. 
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noted. 
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Figure 5. - Concluded. 
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Figure 6.- Variation of rotor loss coefficient  with  D-factor  as angle of 
attack is increased above design  for  several  rotor  blade-setting angles 
at three radial stations.  Vertical  tick mrks indicate design-angle- 
of-attack  condition  at mean radius  section. 
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i 
Inboard  section, 65-(f5.6A10)10; radius = I L26 in. 

- 

.- 
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Inlet  angle, 8, deq 

(a) (I = 1.0. 
d 

Figure 7.- Variation of rotor D-factor vith i n l e t  angle for several rotor 
bhde-setting angles a t  three radial stations. The ticked symbols indi- 
cate  test  conditions where flow unsteadiness was noted. 
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1.1 

1 1 I I I I I I c Outboard section, 65-(9.3A10)10; radius = 13.56 in. . 
"Gondition correspondlng 
to design angle of attack 
at mean radius - 

.9 I I I 1 I I 1 I 
2. 

Mean section, 65-(12A\10)10; radius= 12.41 in. 
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inlet angle,& deg 

(b) CI = 0.5. 

I 

Figure 7.- Concluded. 
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( 4  CT = 0.50. 

Figu 

a 
S 

r e  8.- Variation  in low-speed peek pressure coefficient on the blade 
,tiction  surface  with angle of attack for  various canibers and in l e t  
s g l e s  . 
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(b) (I = 0.75. 

Figure 8.- Continued. 
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(c) a = 1.00. 

Figure 8.- Continued. 
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Figwe 8. - Continued. 
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(e) a = 1.30. 

Figure 8. - Concluded. 
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